Background: Targeted agents presently available for mutant KRAS metastatic colorectal cancer (mCRC) are bevacizumab and aflibercept. We evaluated the efficacy and safety of conatumumab (an agonistic monoclonal antibody against human death receptor 5) and ganitumab (a monoclonal antibody against the type 1 insulin-like growth factor receptor) combined with standard FOLFIRI chemotherapy as a second-line treatment in patients with mutant KRAS mCRC. conatumumab 10 mg/kg (Arm A), ganitumab 12 mg/kg (Arm B), or placebo (Arm C) Q2W. The primary end point was progression-free survival (PFS).
introduction
Targeted therapies that have demonstrated improved outcomes in patients with metastatic colorectal cancer (mCRC) include monoclonal antibodies (mAbs) against the epidermal growth factor receptor (EGFR) [1] [2] [3] and vascular endothelial growth factor (VEGF) [4, 5] and small-molecule multikinase inhibitors [6] . Anti-EGFR mAbs are ineffective for patients with KRAS mutations, which occur in 40%-45% of patients with mCRC [3, [7] [8] [9] [10] [11] .
Colorectal tumors express high levels of the proapoptotic death receptors (DRs) 4 and 5 [12] [13] [14] . Conatumumab is an investigational, fully human, agonistic mAb of DR5 that induces CRC cell apoptosis through activation of caspase-3/7 [15] . In CRC models, conatumumab inhibited tumor growth as monotherapy and enhanced tumor growth inhibition in combination with irinotecan and fluorouracil [15] . In the firstin-human study, conatumumab had acceptable toxicity as monotherapy up to 20 mg/kg and exhibited evidence of activity in some patients with mCRC [16] .
High expression of the type 1 insulin-like growth factor receptor (IGF1R) in colorectal tumors is associated with advanced tumor stage [17] and shorter overall survival (OS) following first-line chemotherapy [18] . Small-molecule and mAb antagonists of IGF1R induce tumor cell apoptosis and tumor regression in CRC models [19] [20] [21] . Ganitumab is an investigational, fully human mAb against IGF1R that prevents insulin-like growth factor (IGF)-1 and IGF-2 from binding to IGF1R [22] . In sarcoma and pancreatic carcinoma models, ganitumab promoted apoptosis, inhibited tumor cell proliferation, caused tumor regression, and enhanced the activity of other cytotoxic agents, including irinotecan [22, 23] . Ganitumab had acceptable toxicity up to 20 mg/kg and exhibited antitumor activity in the phase 1, first-in-human study in patients with advanced solid tumors [24] .
The objectives of this randomized, placebo-controlled phase 2 study were to assess the efficacy and safety of conatumumab or ganitumab combined with leucovorin, 5-fluorouracil, and irinotecan (FOLFIRI) as a second-line treatment in patients with mutant KRAS mCRC. methods patients Eligible patients (aged ≥18 years) had histologically confirmed metastatic adenocarcinoma of the colon or rectum and documented disease progression ≤6 months after one prior therapy (fluoropyrimidineand oxaliplatin-based chemotherapy with or without anti-VEGF therapy) for metastatic disease and an Eastern Cooperative Oncology Group performance status (ECOG PS) of 0 or 1 [25] . Measurable disease was not required. Mutant KRAS status was required per central laboratory testing of formalin-fixed, paraffin-embedded (FFPE) tumor tissue from the primary tumor or metastatic site as previously described [3, 8] or per local testing by an experienced laboratory using a validated test method after a protocol amendment (February 2010). Institutional review board approval of the study protocol was obtained, and patients provided written informed consent before enrollment.
study design and treatment
This phase 2, multicenter, randomized, double-blind, placebo-controlled study was conducted at 49 centers in 10 countries. Patients were randomly assigned 1 : 1 : 1 to three treatment arms by a representative of the study sponsor using an interactive voice response system and permuted blocks. A double-dummy design was used to blind the patients, investigators, study monitors, and study team to treatment; those analyzing patient samples were not blinded. All patients received FOLFIRI: irinotecan (180 mg/m 2 ) and leucovorin (400 mg/m 2 ) by intravenous infusion on day 1 and 5-fluorouracil (400 mg/m 2 ) intravenous bolus on day 1 followed by 2400 mg/m 2 continuous infusion administered over days 1 and 2. Patients also received placebo plus conatumumab 10 mg/kg (Arm A), placebo plus ganitumab 12 mg/kg (Arm B), or double placebo (Arm C) on day 1 of each 14-day cycle. Randomization was stratified by ECOG PS (0 versus 1) and previous therapy with first-line VEGF pathway inhibitors (yes versus no). Doses of conatumumab and ganitumab were based on preclinical and clinical pharmacokinetic results [16, 24, 26, 27] . Treatment continued until radiographic disease progression per Response Evaluation Criteria in Solid Tumors (RECIST) version 1.0, clinical progression, requirement for alternative therapy, intolerable toxicity, withdrawal of consent, or study end. The primary end point was progression-free survival (PFS; time from randomization to disease progression or death) per investigator assessment. Secondary end points included OS (time from randomization to death), objective response rate (ORR), disease control rate (DCR), duration of response, time to response, incidence of adverse events (AEs) and laboratory abnormalities, and incidence of anti-conatumumab and antiganitumab antibody formation. 
tumor assessment
Tumor response was based on investigator assessment ( per RECIST, version 1. 0 [25] ) of computed tomography or magnetic resonance imaging scans carried out at weeks 6 and 12 and every 8 weeks thereafter until disease progression or requirement for alternate therapy. Responses were to be confirmed radiographically after ≥4 weeks.
safety assessment
AEs occurring from enrollment through the 30-day safety follow-up visit were graded per NCI-CTCAE. Serum for assessment of anti-conatumumab and anti-ganitumab antibodies by electrochemiluminescence immunoassays [16, 24] was collected predose on day 1 of cycles 1 and 5, every 4 cycles thereafter, and at follow-up visits (30 and 60 days after the last dose).
biomarker analysis
Serum samples for biomarker assessments were collected predose and 3 and 24 h post dose on day 1 of cycles 1 and 3; predose on day 1 of cycle 5 and every four cycles thereafter; and at the 30-day follow-up visit. Serum IGF-1, IGF-2, IGFBP-1, IGFBP-2, IGFBP-3, and IGFBP-6 were measured using competitive binding radioimmunoassays [27] . DNA from blood samples was assessed for FCGR3A V158F single-nucleotide polymorphism genotyping using an allelic discrimination assay [26] . Archived and fresh tumor tissue samples were assessed for nuclear and cytoplasmic staining expression of PTEN by immunohistochemistry [27] .
statistical analysis
This study was designed to estimate the treatment effect of adding conatumumab or ganitumab to FOLFIRI. Randomization of 150 patients was planned. With the planned estimation precision and assuming a hazard ratio (HR) of 0.5, the goal was to allow estimation of the PFS hazard ratio with a two-sided 95% confidence interval (CI) having a maximum half-width of 0.31. The study had an 81% probability of detecting a difference in PFS between the ganitumab or conatumumab arms versus the placebo arm.
The full analysis set included all randomized patients. The safety analysis set included all patients who received ≥1 IP dose. The primary analysis, planned after a minimum of 100 PFS events, occurred on 31 January 2011. The OS analysis was done ∼12 months later (16 February 2012) . PFS and OS were analyzed using Cox proportional hazards models stratified by ECOG PS (0 versus 1) and previous anti-VEGF therapy (yes versus no). Differences between the experimental and placebo arms were estimated with HRs and two-sided 95% CIs; P-values are descriptive. Kaplan-Meier estimates and 95% CIs of median PFS and OS times were calculated. CIs for ORR and DCR were calculated using the ClopperPearson method [28] . Differences (95% CI) in the ORR were estimated using the Newcombe-Wilson method with continuity correction. SAS version 9.2 (SAS Institute, Inc., Cary, NC) was used for all analyses. (Table 1) ; however, a higher proportion of patients in Arm B (77%) had stage IV disease at diagnosis than in Arms A (67%) and C (56%). Prior exposure to VEGF pathway inhibitors was consistent among treatment arms (Arm A, 57%; Arm B, 60%; Arm C, 58%). One hundred fifty-two patients (98%) had received ≥1 dose of blinded treatment by the primary analysis data cutoff date. As of 31 January 2011, 14 patients in Arm A, 11 patients in Arm B, and 14 patients in Arm C continued to receive study treatment ( Figure 1 ). The median number of infusions of conatumumab, ganitumab, and placebo was 13, 10, and 14, respectively (supplementary Table S1 , available at Annals of Oncology online). Median relative dose intensity of the FOLFIRI components was slightly lower in Arm C than in Arms A and B. No patients had IP withheld because of noncompliance.
survival and response
At the time of the primary analysis, 103 patients (66%) had disease progression or had died (Arm A, n = 33; Arm B, n = 34; Arm C, n = 36). Median PFS in Arms A, B, and C was 6.5, 4.5, and 4.6 months, respectively. The HRs (adjusted for stratification factors) for PFS were 0.69 (95% CI 0.41-1.14; P = 0.147) in Arm A versus Arm C and 1.01 (95% CI 0.61-1.66; P = 0.998) in Arm B versus Arm C (Table 2, Figure 2) .
At the time of the OS analysis, 62% of patients had died (Arm A, n = 32; Arm B, n = 33; Arm C, n = 31). Median OS in Arms A, B, and C was 12.3, 12.4, and 12.0 months, respectively. The HRs (adjusted for the stratification factors) for OS were 0.89 (95% CI 0.54-1.48; P = 0.650) in Arm A versus Arm C and 1.27 (95% CI 0.76-2.13; P = 0.357) in Arm B versus Arm C (Table 2) .
Overall, 151 (97%) patients had measurable disease at baseline. In Arms A, B, and C, the ORR was 14%, 8%, and 2%, respectively (Table 2) , and the median duration of response was 5.3, 5.6, and 5.2 months. toxicity Toxicity is summarized in Table 3 . The grade ≥3 AE incidence was 72% in Arm A, 55% in Arm B, and 47% in Arm C. The serious AE incidence was greater in Arms A (40%) and B (31%) than in Arm C (24%). Two patients died within 30 days of the last study treatment dose. One patient in Arm B, who had grade 2 hyperglycemia before the first ganitumab dose and experienced ongoing grade 3 hyperglycemia after the first ganitumab dose, died of treatment-emergent diabetic ketoacidosis following the second ganitumab dose. Three additional patients in Arm B and two in Arm C had nonserious grade ≥3 hyperglycemia events. One patient in Arm A died of unknown causes; this death was considered by the investigators to be potentially related to study treatment. There were no grade ≥3 infusion reaction events. Pretreatment anti-conatumumab binding antibodies were detected in four patients (two each in Arms A and B). Posttreatment anti-conatumumab binding and neutralizing antibodies were detected in one patient who tested negative at baseline. Anti-ganitumab binding antibodies were detected pretreatment in 15 patients (Arm A, n = 6; Arm B, n = 3; Arm C, n = 6) and post treatment in three patients (one per arm). The pretreatment antibodies might be the result of crossreactivity resulting from molecular mimicry.
biomarkers Serum samples for pharmacodynamic biomarker analysis relevant to ganitumab were available from 146 patients. Total (bound and unbound) IGF-1 and IGFBP-3 increased and remained elevated during treatment with ganitumab but not conatumumab or placebo (supplementary Figure S1 , available at Annals of Oncology online). Within the conatumumab and placebo arms, modest decreases in IGF-1 were observed during treatment. No differences were observed among treatment arms for total IGF-2, IGFBP-1, IGFBP-2, or IGFBP-6. In Arms B and C, there were positive associations between PFS and higher baseline total IGF-1, total IGF-2, or IGFBP-3 levels and decreased baseline IGFBP-1 or IGFBP-2 levels; however, there was no treatment effect of ganitumab on PFS for any of these markers (Figure 3 ). Archived tumor samples for immunohistochemistry assessment of PTEN expression were available for 145 (94%) patients. Cytoplasmic and nuclear PTEN staining was consistent between treatment arms. There was an association between low baseline cytoplasmic PTEN expression (determined by % cells with staining score >0 and H score) and longer PFS in Arm C; no associations between baseline nuclear PTEN expression and PFS were observed in any arm (supplementary Figure S2 , available at Annals of Oncology online).
With potential relevance to conatumumab [29] , 94 patients genotyped for FCGR3A 158 polymorphisms were assessable for PFS. There were no associations between any of the assessed FCGR3A 158 genotypes (FF, FV, VV, or FV + VV) and PFS in Arms A and C. In this randomized phase 2 study of second-line treatment of patients with mutant KRAS mCRC, the addition of conatumumab to FOLFIRI was associated with a trend toward improved PFS but not OS; however, the addition of ganitumab to FOLFIRI did not improve PFS or OS. The trend toward improved PFS with the addition of conatumumab to FOLFIRI is interesting given that other phase 2 trials have not demonstrated conclusive evidence of activity by DR4 or DR5 agonists in mCRC [30, 31] . However, our study differed from these in requiring patients to have mutant KRAS tumors and including a placebo arm. Furthermore, our study population had received only one prior chemotherapy regimen with or without a VEGF pathway inhibitor, whereas the other phase 2 studies enrolled patients who had previously received multiple prior chemotherapy regimens [30, 31] . Additionally, the results with ganitumab are consistent with those from other studies, which have shown limited antitumor activity by anti-IGF1R mAbs in patients with chemotherapy-or anti-EGFR-refractory mCRC [32] [33] [34] [35] . However, the disproportionately higher enrollment of patients with stage IV disease in the ganitumab arm versus the other treatment arms may have influenced the outcomes. Median PFS in the placebo arm (4.6 months) was consistent with investigator assessment of patients with mutant KRAS mCRC treated with FOLFIRI alone (4.9 months) versus FOLFIRI plus panitumumab as second-line therapy in a large randomized phase 3 study [3] . Although median OS in the placebo arms was similar between the studies (12.0 versus 11.1 months, respectively), for unknown reasons, the ORR in the placebo arm of our study was lower than the ORR (by central review) in the placebo arm of the phase 3 study (2% versus 14%, respectively) [3] . There were no differences in relative dose intensity of chemotherapy delivered that can explain this result; however, fewer cycles of chemotherapy were administered in all arms of our study compared with the panitumumab study [3] . The difference might also be attributable to the use of investigator review of imaging data rather than independent central review.
Combined with FOLFIRI, conatumumab and ganitumab had manageable toxicity; no new safety signals were identified. The toxicities occurring in the conatumumab and ganitumab arms were generally consistent with those previously reported for each agent [16, 24] . In the conatumumab arm, anemia was observed with similar frequency and severity as in patients with advanced solid tumors treated with conatumumab monotherapy in the first-in-human study [16] . Grade ≥3 neutropenia and anemia observed in the conatumumab arm have also been reported with similar frequency in other studies of DR4 or DR5 inhibitors combined with cytotoxic chemotherapy or targeted agents in patients with advanced solid tumors [36] , non-small-cell lung cancer [37] , and soft tissue sarcoma [38] . Diarrhea, another common AE for conatumumab, occurred with a relatively high incidence (58%) versus historical monotherapy data [16] and may explain the slightly lower median relative dose intensity of IP in the conatumumab arm. In the ganitumab arm, the overall rate of grade ≥3 hyperglycemia (8%) is lower than previously reported in other studies [27, 39] . Hyperglycemia is a known toxicity associated with IGF1R mAbs [32] [33] [34] 40] . Thrombocytopenia of any grade was more frequent with ganitumab versus placebo, similar to findings with ganitumab monotherapy [26] . FU) , and irinotecan. Asterisk indicates that a patient in Arm B discontinued the study before receiving investigational product as a result of an adverse event (supraventricular arrhythmia); an additional patient in Arm A and one patient in Arm B had not received investigational product at the date of the primary analysis data cutoff and were therefore included in the full analysis set but not in the safety analysis set. Dagger indicates that a patient randomized to the placebo group received a single dose of ganitumab as a result of an isolated dosing error and was therefore included in Arm B for the safety analysis.
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We assessed potential biomarkers to identify patients most likely to respond to ganitumab or conatumumab [41] . Consistent with a randomized phase 2 study of patients with metastatic pancreatic cancer treated with ganitumab plus gemcitabine [42] , circulating total IGF-1 and IGFBP-3 increased following treatment with ganitumab. Although there was evidence of associations between PFS and high circulating total IGF-1, IGF-2, or IGFBP-3 or low IGFP-1 or IGFBP-2 in the ganitumab arm, no treatment effects were observed, indicating that the prognostic value of these markers requires further evaluation. Additionally, we found that low cytoplasmic PTEN expression was associated with longer PFS in the placebo arm; however, these results need to be confirmed. Finally, there were no observed associations between FCGR3A 158 genotypes and PFS in the conatumumab or ganitumab arms, consistent with findings from a recent phase 2 study in which there were no associations between FCGR3 158 genotype and PFS or ORR in patients with advanced soft tissue sarcoma who received conatumumab plus doxorubicin [38] . In contrast, in a phase 2 study investigating conatumumab plus bevacizumab and chemotherapy in mCRC, patients carrying the FCGR3A polymorphism encoding the high-affinity V allele of the Fcγ receptor had favorable OS compared with patients carrying the polymorphism encoding the low-affinity F allele [29] .
This study was strengthened by its randomized, double-blind design and inclusion of a placebo arm but was limited by its relatively small sample size. Notably, the study was not designed to draw definitive conclusions regarding efficacy, but rather to estimate the treatment effect on PFS by conatumumab or ganitumab plus FOLFIRI versus placebo plus FOLFIRI. Partial responses were confirmed no earlier than 28 days after the criteria for response were first met. Stable disease was confirmed no earlier than 35 days after the date of the first dose of protocol-specified therapy. CR, complete response; FOLFIRI, leucovorin, 5-fluorouracil, and irinotecan; HR, hazard ratio; NE, not estimable; OS, overall survival; PFS, progression-free survival; PR, partial response. original articles Annals of Oncology
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